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Abstract 

Many vaccine adjuvants contain surface-active agents, but the immunological roles played by these components have been essentially 
ignored. The objective of this study was to examine passible apoptotic and necrotic effects of the surface-active agents, Pluronic LI 21 
and Twecn 80, which are components of L121-adjuvant (a formulation we synthesized with the aim of representing several commercially 
produced adjuvants), on EL4 lymphoma cells. Cell viability and cytolytic effects were analyzed using the MTT and LDH release assays, 
and the distribution of cells in different stages of the cell cycle after treatment with these agents was analyzed by propidium iodide (PI) 
staining and flow cytometry. LI 21-adjuv ant was shown to induce eel! cycle arrest and inhibit cell proliferation. Treatment of EL4 cells with 
surface-active agents resulted in a coticentralion-dependent increase in the apoptotic/necrottc cell populations. Fluorescence microscopy 
using Hueclisl 33342 staining demonstrated chromosome condensation and DNA fragmentation in cells treated with surfactants or adjuvant. 
The apoptotic and necrotic effects of vaccine adjuvant containing surface-active agents were confirmed by Anncxin V/propidium iodide 
staining and flow cytometric analysis. Pretreatment of EL4 cells wilh zVAD-fmk, a broad range caspnse inhibitor, partially prevented 
apoptosis induced by Pluronic L121, but did not prevent the cell death induced by Twecn 80 or L121-adjuvant These findings suggested 
that Tween SO and L121-adjuvant induced apoptosis in EL4 cells via a "non-classical" caspase-independent pathway, Results presented 
in this study suggest mechanisms of elicitation of CD8+, class l-restricted CTL response by soluble antigens mediated by the vaccine 
adjuvant containing surface-active agenUs. 
© 2003 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Vaccine adjuvants were designed to increase the immuno- 
logical effect of antigens, but the mechanism by whicli adju- 
vants enhance the immune response to protein antigens has 
never been clearly elucidated. For over 75 years since the 
first report of the use of alum precipitates [1], extensive re- 
search has been carried out on the development of vaccine 
adjuvants, yet alum still remains the only approved adjuvant 
for clinical human use today. Since the development in the 
1930s of Freund's adjuvant, in which tubercle bacilli and 
paraffin oil are used [2], vaccine adjuvants for animal use 
have often been formulated as disperse systems consisting 
of at least two phases, i.e., oil and water, and thus require the 



Abbtvvialion.s: APC, nniigen-prescnting cell; CTL, cytotoxic 
T-lympliocyte; DCs, dendritic cells; DI, deionizcd water; Lt21, Pluronic 
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plex; MTT, 3-(4,5-dimethylthiuzoU2-yl)-2,5-diphenyltetriizQlium bromide; 
Pi, propidium iodide; PS, pliospliatidylserine 

• Corresponding author. Tel.: +E86-2-239 18952; 
fax: +8B6-2-239 19098. 

E-mail address: ywynng@i!a.inc.ntu,edu.lw {Y.-W, Yung). 



presence of surface-active agents to stabilize the dispersion 
by reducing the interfacial tension between the dispersed 
phase and the dispersion medium. However, the possible im- 
munological roles of these surface-active agents have been 
ignored. In addition to their effect on the amplitude and du- 
ration of the antibody response, vaccine adjuvants have the 
ability to generate delayed-type hypersensitivity (DTH) and 
induce class I-restricted cytotoxic T lymphocytes (CTLs) 
[3-5]. It was therefore suggested that adjuvants help deliver 
antigen into the cytoplasm via the endogenous pathway or 
help antigen-presenting cells (APCs) to take up antigens [4], 
but these ideas have never been proven. 

Recent studies have shown that apoptosis can be induced 
by treatment of cells with subiytic concentrations of non- 
ionic detergents, such as Triton X-100 or Nonidet P-40 [6]. 
Apoptosis is an active form of cell death [7]. In mammalian 
cells, it is often associated with various morphological and 
structural alterations, chardcterized by various biochemi- 
cal changes, including cell shrinkage, phosphatidylserine 
(PS) exposure, chromatin condensation, and nuclear DNA 
fragmentation [8], Apoptotic cell death is important in trig- 
gering and regulating the immune response. Studies have 



0264-4 lOX/S - see front matter ® 2003 Elsevier Ltd. All rights reserved, 
doi: 1 0. 10I6/j.vaccine.2003.08.048 



Y.-W. Yang el alJ Vaccine 22 (2004) 1524-1536 



1525 



shown that apoptotic cells can be engulfed by macrophages 
or phagocytosed by dendritic cells (DCs), the most potent 
APCs, and that only DCs can cross-present exogenously de- 
rived antigens on major histocompatibility complex (MHC) 
class 1 molecules to CTLs [9-11]. Sauter et al. [12] have 
shown that immature DCs located in the periphery can 
efficiently capture apoptotic and necrotic cells, but only 
exposure to necrotic cells induces DC maturation. Opti- 
mal cross-presentation of antigens to CDS"^ T cells was 
therefore suggested to require two steps, the phagocyto- 
sis of apoptotic cells by immature DCs and DC matura- 
tion induced by exposure to necrotic cells. These findings 
raised the possibility that immature DCs process exogenous 
cell-associated antigens from adjuvant-induced apoptotic 
cells and cross-present them to CTLs, i.e., cross-priming or 
cross-presentation, while adjuvant-induced necrosis leads 
to DC maturation and upregulation of maturation signals. 
In addition, PS, which appears on the cell membrane dur- 
ing apoptosis of thymocytes, is recognized by macrophages 
[13,14]. The apoptotic and necrotic responses induced by 
surfactants in vaccine adjuvants have therefore been sug- 
gested to play important roles in the immunological effects 
elicited by surfactant-containing vaccine adjuvants. 

To test this hypothesis, a vaccine adjuvant containing 
Pluronic L121, Tween 80, squalane, and phosphate-buffered 
saline (PBS), was examined in the present study for the 
apoptotic and necrotic potential of the individual compo- 
nents present in the formulation. This adjuvant was termed 
"L12!-adjuvanf' , which resembles Provax™ adjuvant 
(IDEC Pharmaceuticals, San Diego), an emulsion adju- 
vant previously shown to elicit CTL responses [4,5,15,16]. 
The emulsifying agents used in this adjuvant are the 
two non-ionic surfactants, Pluronic L121 and Tween 80, 
Pluronic LI 21 is a tribloclc copolymer consisting of the 
hydrophilic poly(ethylene oxide) (PEO) blocks and the 
hydrophobic poly(propylene oxide) (PPO) block with an 
hydrophiiic-lipophilic balance (HLB) value of 1. The aver- 
age molecular weiglit of Pluronic L12I is about 4400, and its 
approximate chemical formula is (PEO)s-(PPO)g8-(PEO)5. 
This copolymer was used in early studies by Hunter's group 
and later included in the Syntex adjuvant formulation (SAP) 
[3,17], which was shown to elicit both protective humoral 
responses and cell-mediated immunity. The biological ac- 
tivities of these adjuvants were attributed to the adsorptive 
and adhesive properties of the block copolymer [18]. Tween 
80 is a polyoxyediylene sorbitan monooleate ester with 
a POE content of approximately 20 per molecule and an 
HLB value of 15. Tliis surfactant has often been included in 
other vaccine formulations, such as Chiron MF59 adjuvant 
[19,20]. 

To determine whether surfactant-containing vaccine ad- 
juvants have an apoptotic effect, EL4 cells were treated 
with the whole adjuvant or with the individual components 
and tested for cell viability using MTT reduction and LDH 
release assays. The cell cycle after treatment with the test 
agents was analyzed using propidium iodide (PI) staining. 



Apoptosis and necrosis were analyzed quantitatively by 
staining with Annexin V-FITC, a compound with a high 
affinity for PS, and with propidium iodide. Tlie resuKs, 
showing that the surfactant-containing vaccine adjuvant in- 
duced bodi apoptosis and necrosis, have implications for 
better manipulation of the immune response using vaccine 
adjuvants for cross-presentation of exogenously derived 
soluble antigens to CTLs. 



2. Materials and methods 

2.L Cells 

The EL4 cells, a mouse thymoma cell line derived 
from C57BL/6-Ly5.2 mice [2i], were obtained from the 
American Tissue Culture Collection (ATCC) and main- 
tained in Dulbecco's Modified Eagle Medium (DMEM), 
supplemented with penicillin (lOOU/ml), streptomycin 
(100 M-g/ml), and 10% horse serum. 

2.2. Materials 

Pluronic L12L a triblock amphiphilic copolymer was 
kindly provided by BASF Corp. (Mount Olive, NJ). Oval- 
bumin and Tween 80 were purchased from Sigma Chemi- 
cals (St. Louis, MO). L121-adjuvant, consisting of 3.75% 
(w/v) Pluronic L121, 0.6% (w/v) Tween 80, and 15% (w/v) 
squalane in PBS, was prepared according to the published 
formula [4]. The mixture was sonicated at 4 °C for 5 min by 
a Branson Sonifier 450 Model (Branson Ultrasonics Coip., 
Danbury, CT), tlien passed six times at 12,000 psi through 
a M-llOEH Microfiuidizer® Processor (Microfluidics Cor- 
poration, Newton, MA). The emulsion was stored at 4°C 
until use. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- 
tetrazolium bromide] was obtained from Sigma (St. Louis, 
MO). 

2.3. Cell viability assaj' 

Cell viability was measured using the 3-(4,5-dimethylthi- 
azol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) reduc- 
tion assay, which measures the conversion of MTT into the 
purple-colored MTT formazan by the succinate-tetrazolium 
reductase system in living cells. The decrease in cellular 
MTT reduction indicates the extent of cell damage [22]. 
In brief, triplicate cultures of 1 x 10^ EL4 cells in lOOp-l 
of DMEM in 96-well plates were incubated for 24 h at 
37 °C with the test agents, then lOjil of stock MTT solu- 
tion (5 mg/ml) was added to each well, and the plates in- 
cubated at 37 °C for 1 h. One hundred microliters of 10% 
Triton X-100 was added, then the plates were incubated at 
37 °C for anodier 1 0 min and the optical density of the wells 
read at 550 nm on a SPECTRAmax PLUS microplate reader 
(Molecular Devices Corp., USA). The results were analyzed 
using tlie SOFTmax PRO program. 
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2.4. Asset}' of necrosis using lactate deliydmgenase 
(LDH) mlease 

The amount of LDH released from lysed cells is a sen- 
sitive measure of cell death [23,24]. In this study, necrotic 
cell death was measured in 96-well plates using the CytoTox 
96 non-radioactive cytotoxicity assay k\t (Promega, Madi- 
son, WI) [24,25]. Briefly, triplicate cultures of 5 x 10^ ceils 
in 100 of DMEM were incubated for 24 h at 37 °C vvidi 
various concentrations of the test agents, then centrifuged 
at 236 X g for 5min. Fifty microliters of the supernatant 
was transfen-ed to a flat-bottom plate, and an equal volume 
of reconstituted Substrate Mix added. The plates were in- 
cubated at room temperature for 30min, then the reaction 
was stopped by addition of 50 p.1 of Stop Solution, and the 
LDH-mediated conversion of the tetrazolium salt into the 
red formazan product measured at 490 nm, 

2.5. Cell cycle analysis and hypodiploid 
nuclei detection 

Cell viability was measured using 4% Trypan blue. For 
detection of apoptosis induced by the adjuvant or surfac- 
tants, the leakage of fragmented DMA from apoptotic cells 
was measured by a modified Nicoletti method [26]. Briefly. 
1x10^ EL4 cells in 1 ml of DMEM in 12-well plates 
were incubated at 37 °C for 24 h with the various test agent. 
The medium was removed and the cells were fixed in 70% 
ethane! at -20 "C for at least 30min, then the edianol was 
removed and 200 jxl of phosphate buffer containing 0.2 M 
Na2HPO4,0,l M citric acid (pH 7.8) were added forSOmin 
at room temperature. The cells were centrifuged and stained 
for 30 min at room temperature with 1 ml of Propidium io- 
dide (PI) staining buffer (1% Triton X-100, lOOjig/ml of 
RNAse A, and SOiig/ml of PI in PBS) and analyzed us- 
ing a FACSCalibur flow cytometer (Becton Dickinson Im- 
munocytometry System, San Jose, CA). Cells containing 
hypodiploid DNA were considered as apoptotic. 

2.6. Determination of early apoptosis and necrosis by 
flaw cytometry 

To further determine the extent of early apoptosis and 
necrosis, cell death was analyzed by staining the cells with 
Annexin V-FITC (Ann V) and PI (1 jj.g/ml) using tlie An- 
nexin V-FiTC kit (Bender MedSystems, Vienna, Austria). 
For staining, 1 x 10^ EL4 cells per ml in the 12-well plates 
were treated with various test agents for 24 h, tlien washed 
with cold PBS, centrifuged, and suspended in a final vol- 
ume of 21 0 jxl binding solution (10 mM HEPES/NaOH, pH 
7.4, 140 mM NaCl, 2.5 mM CaCli) containing 5 |jl1 of An- 
nexin V-FITC and lOjil of PI stock solution (20p,g/ml), 
as provided by the manufacturer. The cells were incubated 
at room temperature for 10 min then 400 |il of Hank's bal- 
anced salt solution (HBSS) was added and die cells were an- 



alyzed using a FACSCalibur flow cytometer. Excitation was 
at 488 nm and the emitted green fluorescence of Annexin V 
(FLl) and red fluorescence of PI (FL2) were collected using 
a 525 and 575 nm band pass filter, respectively. A total of 
at least 10,000 cells was analyzed per sample. Light scatter 
was measured on a linear scale of 1024 channels and flu- 
orescence intensity on a logarithmic scale. The amount of 
early apoptosis and necrosis was determined, respectively, 
as the percentage of Ann V+/PI" or Ann V+ZPI"*" cells. 

2.7. Effect of a caspase inhibition by zVAD-fmk 

Cells (1 X 10''/ml) were incubated for 2h at 37 °C with 
50 |iM zVAD-fmk (benzyloxycarbonyi-Val-Ala-Asp-fluoro- 
methylketone) (R&D Systems Inc., Minneapolis, MN), a 
general caspase inhibitor, then the various lest agents were 
added and incubation continued for 24 h at 37 ''C. Ap- 
proximately 1x10^ cell were then stained with Annexin 
V-FITC/Pl and subjected to flow cytometric analysis, Apop- 
totic positive contTol cells were generated by treatment with 
1 (xM staurosporine for 24 h and necrotic positive control 
cells by treatment for 24h at 37 °C with 0.3% H2O2 in 
DMEM, 

2.8. Examination of apoptosis by fluorescence 
microscopy 

To examine microscopically the apoptosis and necrosis 
induced by surfiice-active agents, 1x10^ EL4 cells per 
ml in the 12-well plates were treated for 24 h al 37 '^C 
with 5mg/ml of Pluronic L121, 1 mg/ral of Tween SO, or 
30 ixl/ml of L]2]-adjuvant, then stained for 15 min at 37°C 
with 0.1 fig/ml of Hoechst 33342. The cells were then cen- 
trifuged, washed with PBS, and fixed for 15 min in 4% 
paraformaldehyde. After a further wash with PBS, tlie cells 
were placed on glass slides, mounted, and examined under 
a Leica TCS SP2 confocal spectral microscope, equipped 
with a UV laser 351 nm/364nm. 

2.9. Statistical analysis 

Results are presented as the me ans± standard errors (S,E.) 
for three separate experiments. The data were compared with 
the control group, treated with the same volume of deionized 
water (DI) as the stock of the test agent, and analyzed with 
one-way analysis of variance (ANOVA), with a significance 
level of 0.05. 

3. Results 

3.1. Effect of Pluronic U21, Tiveen 80. and LJ2J-adJuvant 
on cell viability and the cell cycle 

Apoptosis is a process of programmed death, with com- 
mon features in many cell types. Cells undergoing apoptosis 
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show several morphological changes, including nuclear con- 
densation, cell membrane blebbing, and DNA fragmentation 
[S]. To examine whether the surface-active agents in the 
L121-adjuvant had an adverse effect on cell viability, EL4 
cells were treated for 24 h with various concentrations of 
Pluronic L12!, Tween 80, or whole adjuvant, then examined 
for signs of cell death. In the case of Tween SO, three tests 
were used, namely the MTT and LDH release assays and PI 
staining; in the case of the other two agents, the MTT and 
LDH release assays could not be used due to die turbidity 
of the solutions formed at the experimental temperature of 



37 ° C, which is higher than the cloud point of Pluronic L 1 2 1 
(14 °C). Fig. 1 shows the resuhs of cell cycle analysis by 
PI staining of EL4 cells after treatment with Pluronic LI 21 
(3 jLg/ml to 5 mg/ml). Flow cytometric analysis of ethanol 
fixed, Pl-stained untreated control cells showed a typical 
diploid DNA peak (Fig. lA). Treatment of the cells with 
concentrations of Pluronic L121 above 0.3 mg/ml resulted 
in the appearance of the hypodiploid DNA peak (Fig. lF-1), 
a maximal increase in the sub-Gl phase of 50% being seen 
in those cells treated with 0.3 or 1 mg/ml of Pluronic L121 
(Fig. IF and G), A fiirther increase in the Pluronic LI 21 
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Fig. 1. Cell cycle anulysis orEL4 cells after trcalmctit with Pluronic L121. Approximately 1 x lO*" celis were treated for 24h with various concentrations 
(B-i) of Pluronic L12I, rixcd with 70% ethanol, and treated witli 200ij.l of phosphate buffer containing 0.2M NajHPO.,, 0,1 M citric acid {pH 7,3) for 
30min. The cells were then centrifuged and stained with 1 ml of Fl [BO |ig/ml) staining buffer, followed by flow cytometric analysis. Untreated EL4 cells 
served as the control (A). The experiment was repented three times witli similar results. 
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Fig, 2. Effect ofTween 80 on EL4 cell viubillty and cell cycles. (A) MTT ussuy. EL4 ceil.s (I x 10' cells/well) in 96-well plates were treuted for 24 h 
with various concentrations ofTween 80, tlien MTT reaeent was addcci for 1 h. Tlic cells were then lysed with t% Triton X-lOO and the absorbance at 
550 nm measured. (B) LDH release assay. Cells (5 >: lOVwell) in 96-Wcll plates were treated for 24 h with various concentrations ofTween 80, then Ihu 
supernatant was tested for LDH release as described in Section 2. Tlte data arc presented as the means ±S.E. for three separate experiments In triplicate, 
(') Stgaificantly different from the eonlrot group treated with the same volume of deionized water (DI) (P < 0.05, by onc-wuy ANOVA). (C-E) PI 
staining. 1 x tO* cells were treated witli various concenliotions ofTween 80, then examined by PI staining and Dow cytometry os described in Section 2. 
The experiment was repeated three times wldi similar results. 



concentration to 5 mg/ml resulted in a decrease in the sub-Gl 
phase to 29.46% (Fig. 11). These results indicated pemne- 
abilization of the cell membrane and DNA fragmentation 
after treatment with Pluronic L121, resulting in DNA leak- 
age during the subsequent cell rinsing and staining. As a 
consequence, tliese cells showed a reduced DNA content in 
the GO/Gl phase and an increase in the percentage of cells 
in the sub-Gl phase as the Pluronic L121 concentration was 
increased above 100 jj.g/ml. 

Similar results were obtained in EL4 cells after treat- 
ment for 24 h with Tween 80 at concentrations ranging 
from 15 |jLg/ml to 1 mg/ml. Fig. 2 shows the concentration- 
dependent decrease in viability of cells treated with Tween 
SO, The minimal cytotoxic concentration was determined to 
be approximately I50|xg/ml (Fig. 2A); at this concentra- 
tion, cell viability was 28.6%. The amount of LDH release 
(Fig. 2B) in cells treated witli Tween 80 at tliis concentra- 
tion was negligible compared to control cells treated with 
1 0% Triton X-100, reflecting the fact that these assays mea- 
sure different aspects of cell viability. A further increase in 
tlie Tween 80 concentration up to 500 jig/ml resulted in ap- 



proximately 40.4% LDH release. At 1 mg/ml of Tween SO, 
cell viability fell to 1.85%, Cell cycle analysis (Fig. 2C-E) 
showed the concomitant appearance of the sub-Gl phase 
at concentrations of Tween 80 of 750 jJLg/ml (77.5%) and 
1 mg/ml (97,8%). Since the sub-Gl peak represents not 
only apoptolic cells, but also mechanically damaged cells 
and cells with lower DNA content, the results showed 
concentration-dependent DNA degradation following treat- 
ment with the surface-active agent. 

To examine the cell cycle specificity of apoptosts in 
EL4 cells after treatment witli LI 21 -adjuvant, cells were 
incubated for 24 h in medium containing various doses of 
adjuvant, then examined by PI staining. Fig, 3 shows that 
treatment of EL4 cells with L121-adjuvant resulted in an 
increase in the GO/GI and sub-Gl phases (Fig, 3A-C), 
However, higher concentrations resulted in cell cycle arrest 
in the GO/Gl phase (Fig. 3B-F), with a slight increase 
in cells in the sub-Gl phase, a concomitant decrease in 
those in S phase, and no significant changes in those In 
G2/M phase, indicating tliat cell proliferation was perturbed 
and that DNA replication and chromosomal events during 



y.-lV. Yang et at. /Vaccine 22 (2004) 1524-1536 



1529 



L121-adjuvant 




Marker 


% 


Marker 


% 


Marker 


% 


Sub-G1 


1.76 


Sub-G1 


8.98 


Sub-GI 


6.32 


G0/G1 


50.19 


G0/G1 


65.68 


G0/G1 


62.50 


S 


28.09 


S 


20.85 


S 


16.13 


G2/IVI 


20.17 


G2/M 


5.22 


G2/M 


15.23 




Marker 


% 


Marker 


% 


Marker 


% 


Sub-GI 


7.25 


Sub-GI 


9.71 


Sub-GI 


12.93 


G0/G1 


71.30 


G0/G1 


70.05 


G0/G1 


68.86 


S 


12.91 


S 


10.11 


S 


8.60 


G2/M 


8.70 


G2/M 


10.28 


G2/M 


9.74 



Fig. 3. Ccli cycle analysis of EL4 cells after treatraenl with Lilt-adjuvant. Approximately I x lO" cells were treated with various doses ofLlIl-adjuvant, 
llien examined by PI staining and How cytometiy as described in Section 2. The experiment v/bs repealed three times with simitar results. 



GO/Gl in EL4 cells were sensitive to treatment with L121- 

adjuvant. 

3.2. Delecfion of apoptosis and necrosis with Annexin 
V/propidiitin iodide in EL4 cells after treatment with 
various test agents 

Annexin V binds to PS, which is located predominantly 
on the internal leaflet of the plasma membrane of intact cells, 
but becomes exposed in apoptotic cells [8]. In addition, 
disruption of membrane integrity by surface-active agents 
makes the cell interior accessible to PI and double-staining 
with these reagents can be used to quantify both the early 
and late phases of apoptosis [27]. To quantify the extent 
of apoptosis and necrosis induced by surface-active agents, 
EL4 cells were therefore treated with the test agents, tlien 
double-stained with annexin V/PI, and analyzed by flow 
cytometry. As shown hi Fig. 4, treatment of cells with 
increasing concentrations of Plutonic L121 (3 |j.g/ml to 
5 mg/ml) resulted in a concentration-dependent increase in 
the percentage of apoptotic cells, whereas the percentage 



of necrotic cells reached a maximum at 1 mg/ml, then de- 
creased. Similar results were obtained for Tween 80-treated 
cells (Fig. 5). Increasing the Tween 80 concentration from 
15ixg/ml to 1 mg/ml resulted in an high percentage of 
apoptotic cells, with the maximum occurring at 1 mg/ml 
of Tween SO, with approximately 71.8% of the cells being 
apoptotic and 3.61% cells necrotic (Fig. 5H). The decrease 
in the percentage of necrotic cells at high concentrations of 
detergents (Figs. 4 and 5) can be attributed to the loss of a 
large number of necrotic cells during the rinsing and cen- 
trifugation steps after treatment with the surfactants at these 
concentrations. Treatment of EL4 cells with LI 2 1 -adjuvant 
resulted in a concentration-dependent increase in the per- 
centages of both apoptotic and necrotic cells (Fig. 6). PS is 
a key recognition molecule for phagocytosis by APCs, such 
as macrophages [14,28]. These results, showing that ceil 
death and PS exposure were induced by the surface-active 
agents or adjuvant, strongly suggest that the apoptotic cells 
will be recognized by APCs and phagocytosed. 

Comparison of roughly equivalent doses of tlie individual 
components and the whole adjuvant showed that most of the 
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Fig, 4, Flow cytometric analysis of ttpoptosis and necrosis in EL4 cells Ireaied with Pluronic Li21. Approximately 1 x lO*" EL4 cells were treated with 
vurious concentrations of Pluronic L121 for 24li, then the cells were stained witli annexin V and propidium iodide and analyzed by ilow cytometry. The 
results shown in part (K) arc the mean und S.E. for three independent experiments. (') Significantly dilTcrenl from the control group treated with the 
same volume of deionizcd water (DI) (P < 0.05, by one-way ANOVA), 



necrosis and apoptosis caused by the adjuvant could be at- 
tributed to Pluronic LI 2 1 . The dose of 30 [xl/ml of adjuvant, 
equivalent to l,125mg/ml of Pluronic L121 and ISOp-g/ml 
of Tween 80, resulted in 18.2 and 30,0% apoptosis and 
necrosis, respectively, (Fig. 6), compared to the correspond- 
ing values of 23,0 and 29.7% for 1 rag/ml of Pluronic L121 
(Fig. 4) and 3.97 and 1.56% for 150p.g/ml of Tween 80 
(Fig. 5). 

3.3, Examination of cell death by flvarescence microscopy 

Apoptosis is characterized structurally by chromatin con- 
densation, shrinkage of the cells, and DNA fragmentation. 
Disruption of membrane integrity by surfactants during 
apoptosis or necrosis makes the ceil interior accessible to 
DNA-binding dyes. As shown in Fig. 7, surfactant-trtiated 
EL4 cells stained with Hoechst 33342 showed a different 



nuclear staining patterns to untreated control cells. Treat- 
ment of EL4 cells with Pluronic L121 or L121-adjuvant 
resulted in nuclear fragments (Fig. 7B-D), a characteristic 
features of apoptotic cell death, also seen in the positive 
control cells treated with staurosporine (Fig. 7E). Due to 
tlie strong cytolytic effect of Tween 80, only a stTiall portion 
of the cells were recovered after Hoechst 33342 staining. 
These results are consistent with those obtained using flow 
cytometric analysis. 

3.4. Effect of the general caspase inhibitor. zVAD-fmk 

Caspase activation is an early step in cell death and pre- 
cedes cell membrane disruption, while PS flipping is a con- 
sequence of caspase activation and a feature of apoptosis. 
To investigate the possible inhibitory effect of zVAD-fmk, 
a general caspase inhibitor, on PS exposure, EL4 ceils were 
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Fig. 5. Flow cytometric analysis of apoptosis and necrosis in EL4 culls trented with Tween SO. Approximately 1 x 10' EL4 cells were treated with 
various concentralions of Tween BO for 24 h, Uien tlse cells were stained ^vilh aniiexin V and propidium iodide and analyzed by flow cytometry. The 
results shown in par* (I) uru llie mean and S.E. for three Independent experiments. C) Significantly different from the control group treated \vlth the 
same volume of deionizcd water (DI) (F < 0.05, by one-way ANOVA). 



incubated with 50 |jlM zVAD-fmk for 2 h before treatment 
with the surfactants or LI 21 -adjuvant, and were then stained 
with Annexin V/PI and analyzed by flow cytometry. Fig. 8 
shows that pretreatment with 50 |jlM zVAD-finlc partially 
inhibited the apoptotic effect elicited by treatment with 
Img/ml of Pluronic L121 (Tig. 8C and D), but not that 
elicited by either or 0.75 mg/ml of Tween SO or 20 jxl/ml of 
L 121 -adjuvant (Fig. SE-H). 



4. Discussion 

Vaccine adjuvants are often emulsions containing at 
least two immiscible phases, oi! and water. The surfac- 
tants in the emulsion serve as emulsifying agents ad- 
sorbing to the oil/water interface and generating a bar- 



rier against coalescence, thus stabilizing the dispersion. 
Although it has long been recognized that the immuno- 
logical eijects of vaccine adjuvants are related to the 
surface activity of the surfactants in the formulation [3], 
the relationship beUveen the physicochemical properties 
of these surfactants and thetr immunological effect is un- 
clear. Over the past two decades, the biological activities 
of adjuvants have been correlated with their surface ac- 
tivities through severa! physicochemical parameters, in- 
cluding the type of emulsion (oil-in-water or water-in-oil) 
formed or the HLB value, which measures the relative 
hydrophilic/hydrophobic properties of the surface-active 
agents. It is generally believed that surface-active com- 
ponents in vaccine adjuvants bind to the antigen and 
present it to APCs, thus stimulating the immune re- 
sponse. The immunological roles of surface-active agents 
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Fig, 6. Flow cytometric imolysis ofupoptosis sind necrosis in ELA tells treated witli L121-adjuvant. Approximately I x 10*" EL4 cells were treated with 
various (loses of Lt21-ndjuvont for 24 h, tlien Ihc cells were stained with otinexin V and propidium iodide and analyzed by flow cytometry. The results 
shown in part (11) are the mean and S.E. for three independent experiments. (*) SignificanUy difTerent from the control group treated with the same 
volume of deionized water (DI) (P < 0,05, by one-way ANOVA). 



in antigen presentation and processing however remain 
unknown. 

Attempts have been made to use vaccine adjuvants to gen- 
erate specific and effective priming of MHC class 1-restricted 
CTLs, which piay a Icey rote in control of vims infection 
and tumors. Experimental evidence for antigen presentation 
by DCs have recently been obtained, showing that bone 
marrow-derived DCs can ingest antigens Irom apoptotic 
cells and cross-present antigens to class I-restricted CDS"*" 
CTLs [10, 11]. Exposure to necrotic cells, on the other hand, 
provides signals for the maturation of immunostimulatory 
DCs and initiates immunity [12]. These findings raised the 
possibility that apoptosis or necrosis may be induced by 
emulsion-type vaccine adjuvants containing surfactants. Due 
to the amphiphilic nature of the surfactants, these molecules 



tend to adsorb not only to the oil/water interface in the emul- 
sion, but also to biological membranes, resulting in an in- 
crease in surface pressure, leading to apoptosis and necrosis 
of the cells. 

Apoptosis is a process of programmed cell death charac- 
terized by morphological as well as biochemical changes. In 
contrast, oncosis (primary necrosis), a passive degenerative 
process, was defined as the early stage of necrosis during 
which cells swell [8]. Necrosis, on the other hand, is sig- 
naled by irreversible changes in the nucleus afl:er membrane 
disruption, thus include both oncosis and apoptotic necrosis 
{late apoptosis or secondary necrosis). The external phos- 
phatidylserine (PS) exposure, an early event characteristic of 
apoptotic process, has been shown not to be specific to apop- 
totic ceils, but also occura in oncotic cells [29]. The cells 
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Fig. 7, Confocal photomicragniphs of EL4 cells. (A) Untreated culls; (B-D) cells treated with 5 me/ml of Plurpnic L121 (B), 1 mg/ml ofTween SO (C>, 
or 30^l]/ml of L121-adjuvunt P). Sluurosporine treutcd cells served as the positive controls for apoptoais (E), Cells were treutcd with the lest agents 
for 24 h, stained willi 0,1 p.e/mi Haechst 33342 for ISmin, centrifugcd, washed with PBS, fixed with 4% piiraformaldehyde for ISmin, then examined 
under a Zeiss fluorcsccmy; microscope. The experiment wns repealed three times with sirailur results. 



positively stained with Annexin V therefore include those 
undergoing early apoptosis, apoptotic necrosis, and oncotic 
necrosis. In the present study, supravital PI staining, in com- 
bination with Annexin V assay, was used to assess the loss 
of membrane integrity, including both early apoptosis (Ann 
V+/Pr) and necro.sis (Ann V+/PI+). 

The study utilized EL4 mainly because they are com- 
monly used for studying apoptosis [30,31], More im- 
portantly they are also a model taxget for studies on 
CTL induction by cross-presentation of antigen derived 
from apoptotic cells [11,12]. The surfactants used in tlie 
LI21-adjuvQnt, "IVeen 80 and Pluronic L121, were shown 
to induce botli apoptosis and necrosis in EL4 cells. Com- 
parison of roughly equivalent doses of the individual com- 
ponents and the whole adjuvant showed that most of the 
necrosis and apoptosis caused by the adjuvant could be 
attributed to Pluronic LI 21 CFtgs, 4-6), The results shown 
in Figs. 1-3 indicated that treatment of EL4 cells with the 
higlier concentrations of the surfactants or adjuvant resulted 
in a marked increase in cell deatli, leading to the appearance 
of cells in the sub-Gl phase. The exposure of PS residues 
on the outside of the plasma membrane, allowing the bind- 
ing of annexin V, which occurs prior to the loss of integrity 
of the plasma membrane, is often used to characterize early 
apoptosis. At concentrations of Tween 80 above 750 \iglm\, 
flow cytometric analysis revealed that the population of 
early apoptotic (Ann V"*"/?!") cells greatly exceeded that of 



necrotic cells (Ann V+ZPI"*") (Fig, 5K) and similar results 
were seen with Pluronic L121-treated cells (Fig. 4K). in 
contrast, a higher percentage of necrosis (Fig. 6) was seen 
using high doses of L121 -adjuvant, MTT reduction and 
LDH release assays showed that the surfactants and whole 
adjuvant induced cell membrane damage, leading to release 
of LDH into the culture medium. This necrotic effect was 
accompanied by apoptosis, characterized by the presence 
of Ann VVPl" cells (Figs. 4-6) and DNA fragmentation 
(Fig. 7), suggesting PS extemalization and showing that both 
types of cell death were induced by either surfactants alone 
or whole L121-adjuvant. It is noted that the extents of both 
apoptosis and necrosis, induced by Pluronic LI 21 (5 mg/ml) 
and LI21-adjuvant (30 |il/ml), increased with time (data not 
shown), indicating the time-dependence of apoptosis and 
necrosis, which were in agreement with other studies [32], 
Cell cycle analysis by flow cytometry indicated that 
L 121 -adjuvant arrested the cell cycle of EL4 cells in GO/Gl 
phase (Fig. 3), This arrest may be associated with inactiva- 
tion of proteasomal proteins and thus altered cell cycle reg- 
ulatory signaling. The concomitant decrease in the number 
of cells in S phase suggests that LI 21 -adjuvant inhibits cell 
cycle progression from GO/GI to S phase. The reason for 
tlie discrepancy between these results and those obtained for 
apoptosis using Annexin V/Pl staining (Fig. 6) is unclear. 
Unlike Pluronic LI 21 and staurosporine induced apoptosis, 
pretreatment of EL4 cells with zVAD-fmic, a broad range 
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Fig. S. Inhibitory effect of zVAD-fmli on apoplosis/necrosis induced by the surface-nctive agents in the vaccine adjuvunt. EL4 cells ut 1 x 10''/mlAve!l in 
l2-\veil plates were treated with 50 mM zVAD-fmli for 2h before incubntinn for 2<\h vvith Pluronic LI21, Tween 80, or LI21-udjuvunt. The cells were 
then subjecteii to nnnexin V/Pl staining mid flow cytometric analysis. The data presented are reprcsentulivt; of three separtttc experiments. Slaurasporine- 
or I hOi-trcated cells served ns the positive control for apoptotic or necrotic cells, respectively. The percentages of npoplotic or necrotic ceiia are shown, 
respectively, in the lower right and upper right quudrunt. 



caspase inhibitor, did not prevent the cell death induced 
by Tween 80 or L] 2 1 -adjuvant (Fig. 8), These findings 
suggested that Tween 80 and LI 21 -adjuvant induced apop- 
tosis in EL4 cells via a "non-classicai" caspase-independent 
pathway. 

L121-adjuvant shares many similar features, including tiie 
compositions and surfactant concentrations, with the Syntex 
adjuvant formulation- 1 (SAF-l) [17], which is composed 
of 5% (w/v) squalane, 2.5% Pluronic L12], 0.2% Tween 
80, and various doses of Thr'-MDP (rauramyl dipeptide). 
Comparison of the in vitro results obtained in this study with 
the L121-adjuvant doses used in vivo however is difficult. 
Assuming no absorption occurs during the initial period after 
injection of regular doses of 30-100 jil and that adjuvant is 
distributed in a volume of less than 1 ml, the local dose of 
L121-adjuvant in the animals is expected to be higher than 
30 p-l/rnl. Comparison with the results shown in Fig. 6, both 
apoptosis and necrosis are expected to take place in vivo at 
these doses of L 121 -adjuvant. 

Although much research has been carried out on tlie im- 
munostimulatory effect of adjuvants, cell death induced by 
adjuvants has been ignored as an important initiation signal 
for CTL induction. Most vaccine adjuvants reported to elicit 
CTL responses, including saponin-based immunostimu fat- 
ing complexes (ISCOM) [33-35], contain surface-active 



agents. The results shown in this study illustrate that tlie 
dose of vaccine adjuvant not only determines the extent, but 
also the type, of cell death and ceil cycle arrest, which con- 
sequently modulates the pattern of the immune response. 
However, we cannot rule out the direct immunostimuiatory 
effect and the delivery function of the adjuvants. The im- 
munological effect of adjuvants is not only determined by 
the physical state of tlie active immunomodulating com- 
ponent, but also by the physicochemical properties of the 
carriers. The surfactants employed in the L]21-adjuvant, 
particularly Pluronic L121, serve both as immunomodulat- 
ing agents and carriers. 

Apoptosis is important in several immunological re- 
sponses. APCs, such as macrophages or DCs, are ex- 
pected to phagocytose apoptotic cells and present apoptotic 
cell-derived antigens to T cells [11]. PS translocation in 
the plasma membrane is an important phagocytic signal 
for target APCs, Necrotic cells, on the other hand, serve 
as natural adjuvants to activate DCs by endogenous signals 
[36]. Although recent studies demonstrated that DCs also 
acquire antigens from live cells and cross-present antigens 
to MHC class i-restricted CTL [37], tiie presence of dy- 
ing cells was shown to facilitate uptake of the antigens by 
the DCs and subsequently implement cross-presentation 
of antigens to both CD4+ and CDS+ T cells [38], In this 
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context, surfactant-induced apoptosis and necrosis have 
several implications for the immunogenicity and immune 
responses elicited by vaccine adjuvants containing them. 
These results potentially shed light on two important is- 
sues in the design of vaccine delivery systems: (1) how 
antigens are bound, processed, and acquired by APCs, par- 
ticularly DCs, via adjuvant- induced apoptotic and necrotic 
cells; and (2) how these dead cells induce the difiTerenti- 
atton and maturation of DCs and activate CTLs. Overall, 
tlie results presented in this study demonstrate that ex- 
posure to surfactant-containing vaccine adjuvants induces 
cell apoptosis and necrosis in a concentration-dependent 
manner. These findings, along with the established notion 
of antigen acquisition and cross-presentation by APCs, 
suggest rationales for cross-therapeutic immunization and 
better manipulation of vaccine adjuvants for the delivery of 
exogenous antigens to CDS'*", class I-restricted CTLs, 
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